Power generation by using oxyfuel combustion in a gas turbine cycle is a promising option to reduce carbon dioxide (CO 2 ) emission, while using fossil fuels. In order to use this process some significant changes to the gas tur- neously the major species concentrations, mixture fraction and temperature.
as a possible way to use the oxyfuel process for CO 2 reduction. Research on this field is very active with the outcome that the first demonstration plants are in operation, and the power generation industry is willing to invest in this technology. Another way of particular interest is the use of oxyfuel combustion in gas turbines. This process offers the possibility to use the same post combustion techniques as for the oxyfuel coal process, in combination with an efficient combined cycle process. The Graz cycle introduced in 1995 by Jericha et al. [2] is such a cycle that continues to be improved [3, 4, 5] .
Despite the general interest in the process, the oxyfuel combustion for gas turbines has never been taken beyond thermodynamic calculations. Initially the large effort due to the air separation unit (ASU) is seen as one reason, as for this form of combustion part of the turbine energy is used by the ASU to remove the N 2 present in air. In the meanwhile there has been a considerable development of ASUs, in particular as parts of a power plant.
There are also several oxyfuel processes promising high efficiency that offset the energy loss due to the air separation making this process competitive to other CO 2 avoiding techniques. The crux of the matter seems to be the changes in the turbo machinery that must accompany changes in the burner.
Since this process replaces nitrogen (N 2 ) by CO 2 and hence uses a mixture of steam and CO 2 as a working fluid, the turbo machinery has to be adapted to the different physical properties. At high flame temperatures CO 2 has a heat capacity more than 1.6 times higher as that of N 2 . Because CO 2 is an infrared active molecule the radiant heat transfer has to be taken into account. Beside the physical differences the high amount of CO 2 has also an effect on the chemical reactions, because it can act as a reaction partner and its high chaperon efficiency enhances third body reactions. In addition the cycle calculations indicate, that a gas turbine for oxyfuel combustion has to work at higher pressures than existing stationary gas turbines. Assuming that it is feasible to build such a turbine, another question arises: Is the oxyfuel combustion under gas turbine conditions viable?
Williams et al. [6] investigated syngas and methane flames for premixed swirl stabilised conditions for two different oxidisers of air and O 2 /CO 2 /N 2 .
Simple flame images for different conditions have been presented along with exhaust gas emissions. They report lower nitrogen oxides concentrations (NO x ) for the quasi-oxyfuel flames and higher carbon monoxide concentrations (CO), suggesting stoichiometric operation at 20-24% O 2 as ideal for low emissions. Sautet et al. [7] studied the length of natural gas/oxygen diffusion flames in a jet burner for free and confined configurations. to the kind of flame suitable, i.e., diffusion/premixed/partially premixed, the optimum CO 2 dilution in oxidiser for stable operation, consequent exhaust gas temperatures, and occurrence of instabilities in the combustor need to be addressed. The work presented here seeks to answer some of these questions by investigating atmospheric pressure flames on a technical swirl combustor.
The combustor is fuelled with CH 4 and a mixture of CO 2 and O 2 as oxidiser.
Two sets of experiments were conducted with the first focusing on determining flame stability for equivalence ratios 0. 
Experimental setup

Burner Geometry
The burner used was a gas turbine model combustor (DLR dual swirl burner), as shown in Fig. 1 . The burner design originates from a gas turbine combustor with an air blast nozzle for liquid fuels, which is modified for gaseous fuel operation. This burner configuration was used in several projects before for CH 4 /air combustion under atmospheric and high pressure (detailed description of the burner [9] ). So a detailed data base exists to compare the oxyfuel flames to normal air combustion [9] . 
Laser Raman Scattering
Laser Raman scattering was applied to measure the major species concentration, mixture fraction, and temperature simultaneously. The setup consists of 3 double-pulse Nd:YAG laser systems, a pulse stretcher, a focussing lens, the detection optics, a spectrograph, and an ICCD camera. The 3
Nd:YAG lasers (Spectra-Physics PIV 400) provide 6 pulses at λ=532 nm of 7 ns duration each at a repetition rate of 10 Hz which are combined to one beam. To reduce the intensity at the windows and to avoid optical breakdown in the focal region the pulses were elongated by a pulse stretcher, and furthermore the laser beams were focused by a combination of two perpendicularly arranged cylindrical lenses (f = 300 mm) to generate a blurred focus of an average diameter ≤0.5 mm. In this way, a total pulse energy of 0.9 J could be irradiated into the combustor. The pulse stretcher consists of two beam splitters and six mirrors, which divide each pulse into a number of individual pulses. After travelling along different path ways, the individual pulses are re-combined yielding a pulse with duration of about 350 ns [11] .
The Raman scattered light was collected at 90
• by an achromatic lens sys- 
A calibration was used to calculate the species concentration from the measured Raman signals. The temperature was calculated using the ideal gas law. The calibration accounted for the temperature and species concentration dependant Raman scattering signal intensity, as well as for the spectral signal overlap between species. The determination of this calibration was performed by measuring Raman signal from reference gases and flames. The reference gas measurements used were air, CO 2 , CO, CH 4 and H 2 . The reference gases were preheated to varying temperatures up to 800 K.
Hence providing temperature dependence up to 800 K. Methane/air flames varying in equivalence ratio between 0.8-1.4 with temperatures from 1500 K to 2100 K provide the higher temperature range coefficients. These coefficients were used to fit temperature dependant curves. To verify the accuracy of the calibration curves, re-calculation of calibration flame temperatures and species mole fractions were carried out to compare with equilibrium composition and CARS temperature measurements. The accuracy of the calibration was estimated by calculating the RMS of the percentage difference to actual values for methane/air flames. The accuracy for individual species was 3.9 % for CO 2 , 2 % for H 2 O, 48 % for CO, 7.37 % for O 2 and 6.8 % for temperature.
In order to take into account daily variations in signal intensity due to change in window transmittance air measurements were performed before and after actual flame measurement. A scaling factor was calculated by taking ratio of the respective day reference measurement to laser intensity normalised calibration air reference measurement.
Results and Discussion
The The samples with increased temperature represent mixtures of fresh gas with some admixtures of exhaust gas from the recirculation zones. Going back to the radial profiles of Fig.4 , one can see an increase in temperature from the inflow towards the flame axis. Along the axis, the temperature gradually increases from T=800 K at h=5 mm to T=1900 K at h=60 mm. From velocity measurements in CH 4 /air flames performed previously in this burner it can be assumed that this region lies within the IRZ [9] . The scatter plot from h=10 mm, r=0 mm, displayed in Fig. 5(b) , shows that the mixtures are relatively fuel rich with a large variation in temperature. The samples with high temperatures (T≈1700 K) are completely reacted and an inspection of the composition reveals that there is no CH 4 present, but small amounts of O 2 .
The high chemiluminescence intensity observed in this region (see Fig. 3(b) )
suggests that these gas mixtures have just reacted. Alternatively, they could have been convected as burned gas from further downstream within the IRZ.
The samples with intermediate temperature contain CH 4 and O 2 and probably represent mixtures of burned and unburned gas which has not reacted yet due to ignition delay. The radial temperature profiles in Fig. 4 show a rather flat profile with T≈1400 K at h=5 mm and 10 mm for r>20 mm (Raman measurements could be performed up to r=32.5 mm; the remaining 10 mm to the combustor wall were not accessible due to restrictions of the optical arrangement). This region is supposed to belong to the ORZ. A scatter plot from this region (Fig. 5(c) ) exhibits a relatively homogeneous gas mixture close to the global mixture fraction, and an inspection of the molecular composition confirms that it is burned gas. The temperature is, however, approximately 300 K below the adiabatic temperature. This tem-perature loss might be caused, to some extent, by thermal radiation and certainly to heat loss at the combustor wall and burner plate. Similar effects have been observed before in CH 4 /air flames [10] and are typical for samples from the ORZ. The radial temperature profiles in Fig. 4 further show that the temperature level increases with height, as expected, due to reaction progress and reaches the final state at h=60 mm. It is, however, interesting to note that the reaction progress is typically not characterized by one step from unburned to burned mixtures, but rather through intermediate states.
This is illustrated in the scatter plot from h=35 mm, r=23 mm, in Fig. 5(d) .
The samples exhibit temperatures between T=500 K and T=2100 K and almost the complete range of reaction progress from non-reacted to completely 
